Health care providers typically rely on family caregivers (CG) of persons with dementia (PWD) to describe difficult behaviors manifested by their underlying disease. Although invaluable, such reports may be selective or biased during brief medical encounters. Our team explored the usability of a wearable camera system with 9 caregiving dyads (CGs: 3 males, 6 females, 67.00 ± 14.95 years; PWDs: 2 males, 7 females, 80.00 ± 3.81 years, MMSE 17.33 ± 8.86) who recorded 79 salient events over a combined total of 140 hours of data capture, from 3 to 7 days of wear per CG. Prior to using the system, CGs assessed its benefits to be worth the invasion of privacy; post-wear privacy concerns did not differ significantly. CGs rated the system easy to learn to use, although cumbersome and obtrusive. Few negative reactions by PWDs were reported or evident in resulting video. Our findings suggest that CGs can and will wear a camera system to reveal their daily caregiving challenges to health care providers.
INTRODUCTION
Research over the last three decades has generated a vast literature describing the challenges of family caregiving for persons with dementia [1] , a syndrome resulting from neurodegenerative disorders which include Alzheimer's disease, vascular dementia, dementia with Lewy bodies, and frontotemporal dementia and affectThis quest for guidance is highly likely, given that upwards of 90% of persons with dementia experience a difficult behavior of one type or another over the course of their disease [18] .
The scientific foundation regarding the challenges of caregiving is based largely on caregivers' self-report [19] [20] [21] [22] [23] [24] rather than direct or prolonged observation of the caregiving dyad [25, 26] . Unlike the abundance of empirical data (e.g., physical examination findings and results of lab tests and medical procedures) available to clinicians to diagnose health conditions and evaluate response to treatment, objective data are lacking for nuanced assessment of caregiving issues at home. Indeed, health care providers rely primarily, if not exclusively, on information provided by the caregiver to formulate recommendations and evaluate their effect. Informed principally by what the caregiver recalls or chooses to disclose, typically in the presence of the person with dementia during brief medical encounters [27] , health care providers may not realize the frequency or intensity of difficult behaviors and the contextual triggers that may contribute to caregiver distress. They can only surmise how the home environment, disruptions in routine, and the caregiver's manner of avoiding or responding to such behaviors influence the evolution of events surrounding difficult behaviors and the dyad's interactions, especially as dementia progresses.
Video Capture of Behavior and Dyadic Interaction
Video recording offers an objective means of capturing behavioral manifestations of dementia and the interpersonal dynamics of caregiving dyads, especially when performed in a manner that preserves the authenticity of their interaction. Supplying dementia caregivers with a webcam-equipped laptop and asking them to record or stream the dementia-related challenges they face at home has been shown to facilitate clinical discussion of evidence-based strategies for handling specific concerns. Williams et al. [26] demonstrated the feasibility of such a system in a single case study in which a family caregiver recorded communication and behavioral difficulties exhibited by the care-recipient. The laptop and webcam operated continuously over 3 months but only retained video when the caregiver pressed a trigger to activate the system. In addition to forwarding data capture, each triggered segment included what had transpired during the 5 minutes prior to activation. An interdisciplinary team reviewed the uploaded video weekly, and a nurse discussed their recommendations with the caregiver via phone and home visits. This approach allowed the caregiver to control what was recorded, but it required anticipation of when and where salient behaviors and interactions would occur so that equipment could be in position to record. While some behaviors such as resistance to bathing or compulsive walking may follow a predictable pattern, others may be sporadic and occur in varied locations within the home.
Wearable video cameras provide a hands-free alternative to laptop webcams, as do handheld video recorders and cameras on smartphones. Typically worn at head or chest level and designed for use in naturalistic settings, wearable cameras go where the user goes. Such a system worn by a family caregiver would be well positioned and at the ready to capture dementia-related incidents. However, the limited battery capacity of commercially available systems such as the GoPro, Looxcie, and Google Glass severely constrains their duration of capture, making these devices impractical for recording or streaming data for several hours per day. Complex, multi-step procedures for starting and stopping recording, along with overly subtle indicators that signal when these devices are on or off further undermine the feasibility of their use in the caregiving context. In addition to affecting the timeliness (or lack thereof) of capturing representative caregiving challenges, these features and functionalities are less than ideal for family caregivers who are technology-naïve or have impaired dexterity or slowed reaction time.
Privacy protections warrant careful consideration when cameras are used in the home to reveal how household members function individually and deal with one another, especially when potentially vulnerable individuals with dementia are involved. However, evidence suggests that improved health, safety, or function resulting from constructive use of information garnered in this fashion may temper perceptions of the intrusiveness of video capture in the home. Compared with younger (age 45-64) and non-disabled counterparts, older adults (age 65 and older) and persons with disabilities have been shown to be more acceptive of in-home recording and sharing of data gathered using various types of sensors including video (with or without sound) to infer location or monitor behavior, especially when the tradeoff is enhanced safety, swifter provision of assistance, or preservation of desired living arrangements [28, 29] .
NOVEL WEARABLE CAMERA SYSTEM
Our team has developed a wearable and wireless camera system designed to capture in situ the challenges of dementia caregiving over many hours per day at home. It goes where the user goes to capture whatever the user sees, hears, says, and does, with the user retaining control of when and what data are collected. The system consists of an outward-facing CMOS camera with a fisheye lens, a MEMS microphone that records ambient sound, and the electronics, battery, and garment necessary to support their function. The camera is mounted on a custom-printed circuit board enclosed within a plastic housing that is clipped onto the frames of overglasses, to ensure data capture at eye level and to isolate the circuit from the user's head. A cable connects the camera housing to a computer that is encased in a second housing and, in turn, embedded within the upper, inner pocket of a multi-layered "video vest" (see Figure 1) .
The system is powered using a Universal Serial Bus (USB) hub and a lithium-power battery connected by cables that extend to a second pocket located below the waist within the inner layer of the vest. The USB hub is powered at a standard voltage of 5V and a maximum of 500mA current. The battery runs at a maximum 7.2V and provides a maximum 1Ah at a time. Image and audio data are continuously recorded on a 32GB microSD card at an average rate of 24 frames/second in 20-minute segments labeled by date and time. The microSD card resides in a flash drive holder inserted into a cable connected to the embedded computer. Components of the system, including the custommade vest, cost approximately $1,000.
Several human factors considerations have informed our design of the system. To avoid obstructing the user's field of view, the camera housing is clipped onto either earpiece of lensless overglasses that can be worn over regular eyeglasses, if necessary.
To optimize comfort, the camera and its housing are lightweight (< 2 ounces) and very small in size and shape. These advantages necessitate image-per-image recording offboard of the device and special software to assemble the captured images and audio data into a video format. To enable user control, a red on/off button (0.75" X 0.75") attached to the embedded computer is accessed through an opening in the upper region of the vest front. This location for visual alerts on garments has been shown to be more easily viewable and facilitates faster reaction times than wearable displays positioned at the waist or shoulder [30] . When the battery is turned on, the on/off button illuminates and recording begins. Recording can be stopped at any time (e.g., when a visitor arrives or personal care activities are being performed that individuals prefer not to record) by pressing the lighted on/off button, and it resumes only after the button is pressed again. By default, the on/off button flashes after 10 minutes of stopped recording, thus prompting the user to press the button again unless it is pressed sooner. Once the flashing button is pressed, it remains illuminated and recording resumes. To enable free movement while using the system, we constructed the video vest to be washable; easily donned and removed; adaptable to fit men or women of varying heights, weights, and body shapes; and capable of distributing the battery weight to minimize stress on the body. The entire system (i.e., camera, overglasses, electronics, battery, and video vest) weighs 3.4 pounds.
The purpose of this paper is to describe the usability of this wearable camera system, based on initial evaluation at home by our first cohort of dementia family caregivers, as part of a larger pilot intervention trial.
Figure 1.
The wearable and wireless camera system. Left: Electronics within the video vest, including (a) the on/off button attached to (b) the embedded computer and (c) the USB hub linking (d) the microphone, computer, and (e) camera to (f) the battery. Right: Wearable system ready for use, with the on/off button and adjacent microphone accessible through openings in the upper area of the vest. 
METHODS
This investigation was a minimal risk study conducted with approval by the Institutional Review Boards of the University of Pittsburgh and Carnegie Mellon University.
Sample
We recruited caregiving dyads through the University of Pittsburgh Alzheimer Disease Research Center, community bulletin boards, and other dementia caregiving studies whose participants had previously agreed to be contacted for future studies. Family caregivers were age 21 or older; had provided care, on average, at least 15 hours per week for at least 6 months to a community-residing care-recipient; and were able to read, speak, and understand English. They also met at least one of the following criteria: (1) reported caregiving distress evidenced by at least 2 of the following: feeling overwhelmed; feeling like often needing to cry; being angry or frustrated; feeling cut off from family or friends; reporting moderate to high levels of general stress; or feeling their health had declined; (2) experienced at least 2 problem behaviors or were "very much" or "extremely" bothered or upset by at least 1 problem behavior by the care-recipient in the last week, according to the Revised Memory and Problem Behaviors Checklist [31] ; and (3) scored 17 or higher on the Zarit Burden Interview [32] .
Care-recipients were age 50 or older; physician-diagnosed as having Alzheimer's disease, frontal temporal dementia, Lewy body dementia, or vascular dementia, or reported by their family caregiver to have at least one of these conditions; and able to speak and understand English prior to the onset of their dementia. Dyads were excluded if caregiving primarily occurred in a household with children under age 21. There were no other exclusion criteria for family caregivers or care-recipients.
Ten caregiving dyads enrolled in this phase of the study, but one dyad was lost to contact after completing the baseline measures. Thus, this report focuses on 9 caregiving dyads who used our camera system. The sample included 3 male and 6 female family caregivers ranging in age from 44 to 89, or 67.0 ± 14.9 years. They were spouses (3 husbands, 2 wives) and adult children (4 daughters) of a person with dementia. The caregivers had an average of 14 years of education, and all but two were retired or unemployed. Their care-recipients included 2 males (2 husbands) and 7 females (3 wives and 4 mothers) age 73 to 87 (80.0 ± 3.8) who had completed an average of 15 years of education. The sample of family caregivers was 44% white, 33% black, and 22% other, compared with proportions of 56%, 33%, and 11%, respectively, among the persons with dementia. Nonspousal caregivers were single (n = 1) or divorced (n = 3), whereas nonspousal persons with dementia were widowed (n = 2) or divorced (n = 2). Household income was ≥ $50,000 for 56% of the dyads, 7 of whom lived together, including 2 caregivers who had moved in since the onset of dementia. Two households included an adult child or grandchild who consented to retention of their images or voices recorded by our system; 5 additional nonparticipants (i.e., relatives and hired caregivers who visited frequently) provided consent for retention of their captured data.
Procedures

Baseline and Camera Data Collection
Each caregiving dyad was visited at home to obtain written informed consent for participation from the family caregiver and consent or proxy consent, with assent if possible, from the person with dementia. Consent was also obtained whenever possible from non-participating household members age 21 years or older, such as adult children, siblings, or hired caregivers whose voice or images could be captured while the caregiver wore our system. Baseline data were collected regarding the caregiver's sociodemographic, health, and functional status and included a brief screen of cognitive function. The family caregiver was also interviewed regarding the caregiving situation, general personality characteristics, technology use and attitudes, and factors that could affect uptake of our wearable camera system. The same information, other than the caregiving situation, was ascertained from the caregiver for the person with dementia. If able, the person with dementia completed the brief screen of cognitive function and responded to items pertaining to technology. These baseline measures took 2.5 hours for the caregiver and up to 10 minutes for the care-recipient to complete; breaks were offered as needed. The measures were administered separately by two members of our team. While one team member interviewed the caregiver, another administered the care-recipient's baseline battery and then provided companionship for the remainder of the visit so that the caregiver could have the opportunity to speak candidly during data collection.
The next day, or as soon as possible thereafter, a second home visit was made to orient the family caregiver to our wearable system and to begin recording. Orientation took approximately 40 minutes and entailed showing the caregiver how to don and remove the overglasses and video vest, change the microSD card, replace and recharge the battery, and turn the system on and off. After practicing these procedures, the caregiver was supplied with 7 microSD cards in separate flash drive holders, two batteries, and a laptop, all of which were placed in a convenient location within the home. The caregiver received illustrated instructions and was asked to use the system for 3 to 7 days during as many waking hours per day as desired, but especially at times when difficult behaviors or interactions most commonly occurred or were anticipated. To optimize privacy, we emphasized that the caregiver would control when the system was worn and when recording occurred. The caregiver was specifically advised to stop recording in the presence of people who had not consented to participate in the study (e.g., unexpected visitors or callers) and, if desired, when performing personal care activities such as dressing, bathing, and toileting. To signal when the person with dementia was receiving medication (a common task that may or may not be difficult for the caregiver) or engaging in behaviors considered difficult, the family caregiver was asked to flash a neon card in front of the camera, as a way of visually marking each event in the recorded data. The caregiver was also asked to maintain a brief log noting when medication taking and difficult behaviors or interactions occurred.
Daily calls were made to remind the caregiver to change and recharge the battery and microSD card, insert the flash drive holder with the previous day's microSD card into the laptop, signal medication taking and problem behaviors, and complete the log. Additional home visits were made to provide technical support as needed. On a daily basis, data from the microSD card in the laptop were uploaded remotely via air card and LogMeIn.com to a secure server at the University Center for Social and Urban Research at the University of Pittsburgh. After the 3 to 7-day wear period, the family caregiver completed an inhome, audio-recorded interview (the focus of this report) regarding the system's usability and responded once again to statements about factors that could affect system uptake.
Video for the Intervention Trial
To provide context, we describe how the wearable camera data were managed, screened, and incorporated into the tailored intervention that a caregiver would receive within days of the usability interview. Data recorded as sequences of individual images and audio were converted into a combined video file. Because converting all data from a single day would require too much memory and computation and not be possible for the maximum duration of recording (up to 14 hours) envisioned for the system, data were converted in 20-minute segments. The resulting video segments were screened to identify and delete or anonymize the voices or images of non-consented individuals. When someone who had not consented was seen or heard, that portion of video was deleted along with its corresponding raw data, but only if it did not pertain to dementia or caregiving (e.g., a neighbor visits). For data captured without consent that involved dementia-related behavior or interactions (e.g., verbal aggression toward the mailman), identifiable images and voices were blurred or distorted, respectively. To preserve study participants' dignity and protect their privacy, we deleted or blurred all video in which they appeared undressed, regardless of whether the data were intentionally recorded, as occurred when caregivers wanted to show our team how much resistance they encountered with particular activities or how much discomfort their family member appeared to experience at times.
Two team members (SH and LH) screened all of the video segments to locate salient events, although due to the volume of video for this pilot work, both individuals did not screen the same segments. We defined salient events to be episodes of dementia-related behavior or caregiving interactions that were: (1) reported by the caregiver during eligibility screening or baseline data collection; (2) signaled as difficult when the caregiver flashed the neon card during data capture; and/or (3) identified by our team during screening of the video, despite not having been deemed problematic by the caregiver.
Identified salient events were reviewed by the principal investigator (JTM) who excerpted representative video clips for our team to consider during a consensus meeting focused on interpretation and development of an intervention plan tailored to the dyad's unique situation. In rare instances when team members differed in their interpretation of video content or strategies that could be helpful, the member of our team (JHL) from the Alzheimer Disease Research Center served as arbiter. The video clips were then further reduced to a set of 5-6 brief video clips that were shared with the caregiver during the subsequent intervention.
This first cohort of family caregivers viewed their brief video clips on a laptop during a home visit by a nurse (GBC) or social worker (AEH), which was followed by 3 phone calls and provision of printed materials to reinforce the strategies discussed. The caregiver then wore our system for a second 3 to 7-day wear period to gather evidence of recommended strategies being attempted and, if so, whether they appeared to be effective. The caregiver also responded to outcome measures pertaining to caregiving, quality of life, and improvement in dementia-related behaviors after this second wear period as well as 3 months later.
To more closely approximate an intervention approach that might be feasible in an outpatient setting, the ongoing second phase of this pilot intervention trial includes a single usability interview after 3 to 5 days of system wear. The brief video clips are uploaded remotely to the laptop in the home, for viewing by the caregiver as the intervention is delivered via FaceTime. Two follow-up phone calls are being made to reinforce the intervention, and baseline measures are repeated when equipment is retrieved from the home post-intervention and again 3 months later.
Measures
In addition to demographic data on gender, age, race, marital status, education, employment, and income, the following measures analyzed for this report were administered by interview format. The family caregiver responded to items pertaining to caregiving and provided all other responses on behalf of him or herself and the person with dementia, unless otherwise specified.
Baseline Measures
Health and functional status: An investigator-developed code sheet was used to ascertain whether either person in the dyad had any of 26 medical conditions (e.g., arthritis, epilepsy, heart disease, diabetes, post-polio syndrome); used various assistive devices (e.g., cane, wheeled walker, manual wheelchair); or needed assistance with any of 9 activities of daily living (ADLs) such as bathing, dressing, feeding, and other personal care activities and 14 instrumental activities of daily living (IADLs) such as cooking, cleaning, shopping, and medication taking.
Cognitive function: We administered the 30-item Mini Mental State Examination (MMSE) [33] to both members of the caregiving dyad, to screen for cognitive impairment (score ≤ 24). This well-established instrument has demonstrated moderateto-high levels of criterion (sensitivity ranging from 69% to 100%; specificity ranging from 42% to 100%) and construct validity (correlations with other cognitive screening tests ranging from .70 to .90) and reliability (Cronbach's α ranging from .54 to .96) in numerous investigations [34] .
Caregiving: An investigator-developed questionnaire was used to gather data regarding caregiving roles and responsibilities including duration of caregiving; availability of help from other family, friends, or hired caregivers; and level of difficulty providing ADL and IADL assistance. In addition, the 24-item Revised Memory and Behavior Problems Checklist measured the occurrence (yes/no) and extent to which the family caregiver had been bothered or upset (0 = not at all; 4 = extremely) by memory and behavioral problems related to dementia in the past week, with higher scores indicative of greater frequency and reaction to such problems. Teri et al. [31] demonstrated high internal consistency among items for frequency (Cronbach's α = .84) and reaction (Cronbach's α = .90). Caregiving burden was assessed with the 12-item Zarit Caregiving Burden Interview, which has high internal consistency (Cronbach's α = .88) and correlates highly (Pearson's r = .97) with the 22-item full version of the scale. Response options range from 0 (never) to 4 (nearly always). Higher scores indicate greater caregiver distress, and a total score ≥ 17 is considered high burden [32] .
Technology use: A technology use questionnaire developed by the Center for Research and Education on Aging and Technology Enhancement [35] at the University of Miami was adapted to ascertain whether 24 commonly available technologies-from DVD players and ATM machines to smartphones and tablets-were ever used or currently owned by the caregiving dyad.
Technology attitudes: A battery for measuring general attitudes toward technology, derived from the work of Mick and Fournier [36] and Parasuraman [37] and previously described by Beach et al. [29] , included 18 positive and negative statements about technology that were rated (0 = not at all; 10 = extremely) for agreement or accuracy in describing a person's views. A second set of statements was used to appraise the importance (0 = not at all; 10 = extremely) of 7 factors in deciding whether to use a particular technology for assistance with daily tasks: how well it meets one's needs, ease of use, cost, attractiveness, how visible it is to others, how it affects privacy, and how safe it is to use. Finally, 5 statements measured how concerned (1 = not at all; 2 = a little; 3 = somewhat; 4 = very) individuals were about the security of information they released to medical institutions, web sites, financial institutions, stores/restaurants, and friends/relatives (Cronbach's alpha = .81). Exploratory factor analysis has revealed 3 factors explaining 53% of the variance in general attitudes toward technology in a large sample of 1,518 middle-aged and older adults, and a single factor for security concerns (Cronbach's α = .81).
Pre-wear and Post-wear Measures
Uptake factors: Before and after the initial wear period family caregivers rated the accuracy (1 = not at all accurate; 10 = extremely accurate) of 9 statements describing factors that could affect system uptake. The statements pertained to ease of learning to use the system and getting it to do what was desired; physical attractiveness of the system; potential for helping to achieve goals and make life easier; nervousness and confusion about using the system correctly; invasion of privacy; and embarrassment to be seen using the system. Prior to wearing the system, caregivers rated how much the anticipated benefits of use would be worth any invasion of privacy that resulted. Postwear, they rated how flimsy the system seemed and how easy it would be to take where needed.
System usability: A semi-structured interview was used to probe perceptions of the system's appearance, ease of use, and perceived usefulness. Caregivers were asked to identify additional situations where such a wearable camera system might be useful; circumstances in which the caregiver and person with dementia would or would not be willing to use it; the reaction of the person with dementia to the system; and suggestions for design changes.
Analysis
Quantitative data were analyzed using IBM SPSS version 21 for Windows. Statistical analysis involved computation of summary descriptive statistics including frequency counts and percentages for nominal and ordinal-level data and measures of central tendency and dispersion for interval or ratio-level data. The Wilcoxon Signed-Rank test was performed (α=.05; ties omitted from computation of mean positive and negative ranks) to assess whether caregivers' baseline attitudes regarding factors potentially affecting system uptake changed after completing the wear period. Usability interview responses were qualitatively analyzed to identify additional concerns or suggestions for improving the system.
RESULTS
Health and Caregiving Profile
The family caregivers in this study had been providing care for their family members with dementia for an average of 6.8 ± 7.4 years. They had mean scores of 27.7 ± 9.9 on the Zarit Burden Interview and 41.4 ± 8.8 on the total frequency scale (Cronbach's α = .75) of the Revised Memory and Behavior Problems Checklist. Most (n = 7) received help from family and friends or hired caregivers, but all were primary caregivers. They were currently performing numerous personal care and household management tasks that had not been their responsibility prior to the onset of dementia. Most difficult were bathing, tub or shower transfers, and sustained vigilance regarding safety. Despite chronic conditions including arthritis (n = 4), diabetes (n = 1), heart disease (n = 1), hypertension (n = 4), and depression (n = 1), they considered themselves to be in fair to excellent health. All caregivers were screened as cognitively intact. Two caregivers needed assistance with transportation, going to medical and dental appointments, and home maintenance, and one required the use of a cane (see Table 1 ).
Twenty-two percent of the persons with dementia were in excellent or very good health, compared with 44% of their family caregivers. Their cognitive function varied widely (range: 0-29), with mean MMSE scores of 17.33 ± 8.87. In addition to the disease responsible for their dementia, all but one individual had one or more chronic conditions: arthritis (n = 6), diabetes (n = 2), heart disease (n = 3), hypertension (n = 4), and thyroid disease (n = 3). They exhibited little, if any, independence performing most ADL and IADL tasks, ranging from personal hygiene, toileting, and medication administration to handling meals and laundry, finances, and medical issues. Several care-recipients used assistive devices including a cane (n = 1), wheeled walker (n = 1), manual wheelchair and lift chair (n = 1), and transfer chair (n = 1) for adaptive mobility. Repetitive questioning, trouble remembering recent events or the day of the week, and being argumentative, irritable, or complaining were the most common memory and behavior problems reported by family caregivers. They were most bothered by being awakened at night and by observing apparent sadness or depressive symptoms in the person with dementia (see Table 2 ).
Technology Use and Attitudes
The households of these dyads were equipped with 11.11 ± 3.59 everyday devices or systems including digital appliances and entertainment and communications technologies. All caregivers had cell/smartphones; 7 used a computer several days per week, often to access the Internet for email, health and financial information, shopping, and games. Two persons with dementia used a computer or tablet on a limited basis for email or games.
Family caregivers gave technology in general high ratings for making life easy, convenient, and more comfortable while also reducing privacy and increasing dependency. Their ratings were lower for its role in enabling personal control, safety and security, and interpersonal connectedness, and lowest for making life stressful or complicated. When considering technology for use in their daily lives, family caregivers considered safety, functionality in relation to need, ease of use, impact on privacy, and cost to be more important than attractiveness or visibility to others (see Table 1 . Health and functional status of the caregiving dyads (N = 9)
Family Caregiver
Person with Dementia (n = 9) (n = 9) Characteristic n % n % Caregiver-rated health (other than problems with memory or confusion) Table 3 ). Five family caregivers were very concerned about the security of information they had released to websites and financial institutions, whereas 2 caregivers expressed the same degree of concern for information provided to medical institutions and stores or restaurants for credit/debit card transactions. The 5 persons with dementia who were able to rate the technology statements did not differ significantly from the caregivers in their attitudes, except for being less concerned about the security of credit/debit card purchases and information shared with friends and relatives.
Usability of the System
Quantitative Findings
Family caregivers wore our camera system during the first wear period an average of 3.25 hours per day (range: 5.5 minutes to 9.38 hours) over a combined total of 43 days, yielding 140 hours of usable video that were screened and excerpted for the intervention. Two caregivers wore the system on a single day and the other 7 family caregivers wore it from 4 to 7 days, for an average of 4.8 days per caregiver, during the hours between 7:30 AM and 12:30 AM. No caregiver appeared to have captured data after the usual bedtime of the person with dementia. Table 4 summarizes the hours per day of usable data that each caregiver captured. One of the caregivers who wore the system only briefly after being oriented to it cared for a person with dementia who was at times delusional and made unfounded accusations that the caregiver engaged in improper or criminal behavior. Despite expressing concern that interactions captured by our system could be negatively misinterpreted, this caregiver consented to participate and understood that activating the system to record was a matter of caregiver control. The second caregiver who wore the system on a single day withdrew from the study after completing the usability interview, indicating that the study activities were too time-consuming, given current responsibilities. This caregiver described the system, especially the battery, as too heavy but did not specify this as the reason for study withdrawal. Nevertheless, this caregiver offered unsolicited comments that reflected considerable enthusiasm for the commercial potential of the system. Date and time stamping of captured data typically revealed a pattern of noncontinuous operation of the system, indicating that it had been turned on and off repeatedly throughout the course of a day. On average, caregivers flashed the neon card twice to signal medication taking or a difficult situation. Log data and reports by caregivers during their daily reminder calls confirmed that some days caregivers donned and removed the overglasses and video vest multiple times in order to run errands, entertain guests, or perform tasks without wearing the system. The level of detail in logs was highly variable, permitting limited insight into the timing, type, or intensity of dementia-related behaviors and the dyad's interpersonal dynamics. Six of the 9 family caregivers received additional home visits for technical support, primarily to exchange malfunctioning equipment.
During the baseline interview family caregivers anticipated that our wearable camera system would be easy to learn to use, though somewhat embarrassing to be seen using (see Table 5 ). Despite privacy concerns, they expected the benefits of use would be worth any invasion of privacy that resulted (8.44 ± 2.92). Caregivers gave high ratings to the system helping them to achieve important goals, but lower ratings to its potential to make life easier. They perceived it to be somewhat attractive and were moderately nervous about using it. These perceptions of usability did not change significantly after the initial wear period, at which time family caregivers also rated the system as fairly easy to take where needed (5.44 ± 4.07) and not too flimsy (2.89 ± 2.93). The majority indicated their willingness to wear such a system when taking medications, moving about the home, eating, and helping a relative get dressed, but not when using the toilet or being out in public. Three or fewer caregivers thought that their care-recipients would be willing to wear such a system in these same situations.
Screening of the 140 hours of video resulted in identification of 16 instances of medication taking by the person with dementia and 79 salient events (i.e., portions of video depicting dementia-related behaviors or interactions deemed difficult by the caregiver or of concern to our team), the latter often observed repeatedly over the wear period. Salient events revealed caregivers contending with repetitive questioning, compulsive walking, belligerence, irritation, agitation, and apathy. Segments of video also showed caregivers struggling or frustrated by the physical challenges of transferring, bathing, dressing, and toileting persons whose advanced dementia was accompanied by aberrant motor function (e.g., difficulty initiating and sustaining movement), urinary incontinence, and contractures. Safety and security concerns were also identified, as when persons with dementia permitted strangers to enter their home without question or used the stove in a potentially hazardous way.
Qualitative Findings
Several suggestions emerged from the usability interviews. Caregivers thought our system would be useful for others as well as themselves, to understand the practical and emotional impact of dementia on the dyad's daily lives. They suggested that utility could also result from capturing worrisome situations that arise outside the home, particularly in unfamiliar or unsafe territory, and from using the system to facilitate medical care for homebound individuals. Recommended design improvements focused on comfort and the system's operational status. Further, caregivers reported few negative reactions to the system. Offering perspective to self and others: Family caregivers suggested several ways that our system could provide helpful context if worn by the caregiver, the person with dementia (if feasible), or a third party. One way was to show other family members and health care providers how caregiving challenges change over time and how each member of the dyad responds to the other. Said one caregiver,
"I'll be honest with you. I'd like someone to wear it to see what I do."
Another expressed this idea:
"…if my mother's being difficult, and I have to deal with it, it could possibly point out where I handled it wrong-handled the situation-or could have handled it a better way."
A third caregiver thought that the system "…would help me be aware of my 'tone' and make me see how my mother is reacting, because I don't always pay attention." Capturing worrisome situations: Other caregivers suggested using the system to capture behaviors that occur away from home and to detect hazards associated with unsupervised outdoor activities. According to one caregiver,
"…when I'm driving, she escalates. So you could see what that's like. She won't go in the grocery store. She won't go in…dress shops and that kind of stuff."
Another caregiver whose care-recipient walked compulsively indoors and outside and would likely tolerate wearing the system thought it would help to monitor safety and wayfinding ability.
Facilitating remote medical care: For persons with dementia capable of visiting their health care providers it could be highly instructive for clinicians and office personnel alike to see what it takes to prepare for and complete these medical visits, particularly when resistance and agitation persist or the patient feels overwhelmed or ignored. Recording medical visits would also enable caregivers to refresh their recollection of explanations and instructions provided. For homebound individuals, the system could provide access to remote consultation:
"I just think that it could help the doctors, because…they don't want to come into the house… And that, honestly, was the biggest problem -she went for a year without seeing a doctor in the moderate to late-stage Alzheimer's range…But this could help in that way…if it was forwarded to the doctor." Improving wearable system design: Caregivers' ideas for improving the usability of our system were chiefly aimed at increasing comfort, reducing its weight, and keeping the user apprised of its operational status. Suggestions included providing lighter overglasses or eliminating them altogether in favor of an embedded camera in the vest at chest level; constructing the vest with lighter mesh fabric; using a smaller, lighter battery and shorter cables to connect system components; adding visual indicators of battery status and time remaining for data capture; and transmitting camera data wirelessly to the embedded computer.
Excessive bulk and the need to waterproof the system were especially concerning to caregivers who provided physical assistance with bathing, repositioning, and transfers to persons with advanced dementia. These were tasks that often placed the person with dementia in contact with the video vest and prompted caregivers to worry about discomfort to the care-recipient or damage to the system. Their suggestions also reflected concerns about reactions that would likely have occurred earlier in their care-recipients' disease trajectory. These suggestions, aimed at increasing safety and reducing the obtrusiveness of the system, were to make it smaller, with no bright colors or shiny parts to attract attention, no visible cables to grab, and no loose parts (e.g., microphone cover) to place in the mouth. We did not specifically ask caregivers whether they consistently noticed when the on/off button flashed. However, two caregivers indicated that sometimes they failed to notice it flashing until they happened to see their reflection in a mirror.
Responding to the caregiver's appearance: Mixed reactions to the system by persons with dementia were reported by family caregivers or evident in the resulting video. Most persons with dementia expressed little or no curiosity about what the caregiver was wearing but, if so, were satisfied with a simple explanation that the system was new and being tried in home situations like theirs. One caregiver indicated that the system prompted repeated questioning:
"…because she's totally -"Why are you wearing those?"-every 30 seconds…" However, this behavior was rarely observed over 27 hours of data captured by the caregiver. The system never triggered apparent fear, agitation, or paranoia in the persons with dementia, though two caregivers noted that it influenced cooperation and prompted concern about modesty on occasion:
"When I'm trying to get her to bed, when she knew it was on tape, she actually complied."
"He looked at me kind of strange…he dressed in the bathroom because [laughing] he didn't want to get dressed-he was embarrassed of the camera."
DISCUSSION
Our findings suggest that family caregivers can and will use a wearable camera system at home to capture what transpires between themselves and their family members with dementia. This practice is especially appealing to caregivers if doing so would help health care providers-and other family members-to understand the daily challenges they face and enable the caregiver to learn more effective ways of handling these challenges. This investigation further demonstrates that our prototype system is capable of gathering objective evidence of behavioral, physical, and emotional manifestations of dementia that may be amenable to intervention.
Our sample of caregiving dyads generally reflected the sociodemographic, health, and functional profile as well as the level of burden and array of memory and problem behaviors that have typified samples in much larger studies of dementia caregiving [3, 38, 39] . Persons with dementia in our study were in poorer health than their caregivers, who often dealt with chronic diseases of their own. The types of memory and behavioral problems described and recorded by caregivers aligned well with problems widely reported by family caregivers of community-residing persons with dementia [4, [40] [41] [42] . Although several distressing aspects of dementia such as combativeness and night waking and wandering were not captured by our system during the brief wear period that only included waking hours, some family caregivers reported dealing with them at times when the system was not in use. For instance, when nighttime sleep disruption was an issue, frequent daytime napping observed in the recorded videos suggested the need for more activity throughout the day.
In the majority of cases both members of the dyad tolerated use of our system, most for several days of the wear period, signaling their implicit acceptance of the time, effort, and invasion of privacy involved in study participation. It is conceivable that their remarkably high tolerance resulted from the sense of autonomy, self-esteem, and trust they may have derived from its use. Harrefors et al. [43] identified these factors in a survey of professional caregivers (e.g., nurses, occupational and physical therapists, care assistants, and administrators of community-residing persons with dementia) who were asked how a fictitious woman with mild dementia would feel about carrying a smartphone in her pocket and wearing a digital camera around her neck to automatically record her location and daily activities, for later sorting and review of events of the day with a family member or professional caregiver. In addition to suggesting how persons with dementia rather than family caregivers might respond to wearing assistive digital technology to record their usual activities, these authors suggested that similar modes of capture have the potential to be both informative and empowering when shared with others.
Our caregiving dyads were typically well equipped with products such as computers, cell phones, and DVD players that are fairly commonplace in American households. The family caregivers endorsed both positive and negative attitudes toward technology in general and expressed less concern about releasing information to family members than to medical institutions or other targets. These views are consistent with the findings of Beach et al. [29] whose national survey of baby boomers and older adults revealed that having positive general attitudes toward technology was the strongest predictor of acceptance of recording and sharing information about behavior gleaned from sensing technologies (included video) at home. Other significant predictors of the acceptability of sharing such information with health care providers and family included being female, having a high school education or less or a college education or more, being comfortable using technology, viewing privacy as important but having less concern about the security of released information, and experiencing activity limitations due to physical, mental, or emotional problems. Level of disability, more than age, was shown to influence acceptance of recording and sharing this type of information. Compared with nondisabled baby boomers, older adults without disability were slightly more accepting of using sensors including video cameras for this purpose, but much less accepting than either boomers or older adults with disability.
These findings regarding acceptance are important for health care providers to consider when deciding whether a wearable camera would be a viable method for collecting data to inform their plan of care. Our findings suggest that the tradeoff between preserving privacy and obtaining guidance and support may be more acceptable to candidate caregivers than would otherwise be assumed. Even though recordings are unlikely to capture all of the challenging behaviors and situations faced at home, as was the case in our study, they provide a springboard for discussion of caregiving issues and context for assessing functional decline, disease management and caregiver respite needs, and handling of difficult behaviors by the caregiver. Additional consideration should be given to the caregiver's cognitive ability, dexterity, vision, psychological temperament, level of stress, and other human factors, much as would be done to assess whether a family caregiver of a person with an infection could safely administer intravenous antibiotic therapy at home.
We emphasized from the outset of the study that our system was a prototype that would benefit from constructive criticism of its design and performance. Equipment malfunctions that resulted in additional home visits by our team principally involved battery failures, inconsistent operation of the lighted on/off button, and intermittent recording of audio or image data rather than simultaneous recording of both. In each case, we provided a replacement component so that data collection could resume. The faulty component was further evaluated in our laboratory and corrected, ultimately improving the reliability of the system. Despite these interruptions, 7 of the 9 family caregivers persevered with wearing the system not only through this initial wear period, but also for a combined total of an additional 41 days, or 5.9 days on average, during the second 3 to 7-day period of wear that followed receipt of their tailored intervention.
By asking family caregivers to wear our system for as many waking hours as desired over a period of several days our intent was to capture the rhythm and patterns of their daily caregiving challenges, including variation introduced by changes in routine that could differentiate weekdays from weekends. We wanted caregivers to decide within a range of 3 to 7 days how much data capture was necessary to illustrate their concerns, and to see how long they would be willing to use the system within that timeframe. For some caregivers one day was much like the next. For others, circumstances differed from day to day due to outings or the availability of other family or hired caregivers for brief respite, or caregivers wanted to show us how they affected the care-recipient at home. It was not unexpected that all study participants did not wear our system over the minimum number of days requested, given that nonadherence to medical device use is common (e.g., see [44, 45] ). Indeed, exploring why caregivers stopped wearing the system enabled us to begin to understand what may make it unusable for some individuals or dyads.
Wearing the system rather than using a handheld video camera, which would admittedly have been much less cumbersome and obtrusive, had the advantage of having the camera at the ready, if not already recording, when a behavior or interaction occurred. The caregiver could go about usual activities throughout the home without carrying the camera or having to retrieve it from another location and turn it on while a salient event transpired, by which time the event may have passed entirely. Our view was that relying on a handheld video camera would likely have resulted in the caregiver recording much less frequently and more selectively.
In this early work we thought it prudent to gather as much data as the caregiver was willing to record over a period of up to a week, in order to begin to understand how much data could be needed to provide ample evidence of the caregiver's usual strategies for handling dementia-related challenges. Though this approach may have resulted in under-recording of salient events, the same potential bias exists when caregivers selectively describe their otherwise unobserved caregiving situation. Whether caregivers intentionally or inadvertently failed to record or signal events that they found distressing because they forgot to activate the on/off button or flash the neon card is purely a matter of conjecture. Nevertheless, we learned that by wearing our system for only a fraction of their waking hours caregivers captured many examples of the behavioral and interpersonal aspects of dementia caregiving that most distressed them, as well as evidence pointing to additional concerns (e.g., unsafe appliance use, allowing strangers into the home, agitation escalated by the caregiver's handling of a situation) that warranted our intervention. Though caregivers were not explicitly asked to validate our interpretation of these salient events, their implicit agreement was assumed (and undisputed) based on their willingness to discuss specific strategies for dealing with the challenges thus identified.
A more efficient use of the system would involve the caregiver wearing it only during the times of day or activities when distressing behaviors or interactions most commonly occur. The drawback of this approach is that previously unidentified but concerning caregiving issues may not be recorded due to the caregiver's unawareness of their import. In contrast to our system, the telehealth setup consisting of a laptop and webcam with "go-back-in-time" digital recording capability that was evaluated with a single caregiving dyad by Williams et al. [26] had the advantage of continuous operation. Its disadvantages were that the caregiver had to anticipate communication or behavioral difficulties and position the equipment where needed, presumably at times while these difficulties were happening, and actively trigger recording of the video. Although the duration of individual recordings was not reported, 0 to 8 videos were transmitted weekly over 3 months. Up to 3 of these videos were reviewed by the team each week, which suggests there was considerable redundancy in the content of the recordings.
Regardless of the duration of data capture, a major technical challenge of this work is culling salient events from the video that results from our system, to produce a brief but representative sample of concerning behaviors and interactions. At present this is accomplished through screening and annotating all segments of the video, a laborintensive process that is acceptable at this juncture in the research process but ultimately infeasible in health care practice. Our team has begun applying face recognition algorithms to representative segments of the video in order to identify instances when the caregiver is interacting with someone in view, typically the person with dementia. Leveraging ongoing research in machine learning and computer vision will be key to distilling hours of caregiving video into much briefer video clips that can be used to inform intervention. Machine learning, which focuses on developing computational models of learning processes so that computers can learn from the data they gather rather than merely implement instructions [46] , complements computer vision methods for recognizing and automating interpretation of the two-and three-dimensional image data [47] that comprise video. In order to reduce these massive amounts of complex video data gathered in diverse home settings to an interpretable, usable level, robust algorithms will be needed in three areas: learning predictive models from video and motion sequences; addressing fundamental building blocks of temporal alignment, clustering, classification, and prediction; and recognizing objects, scenes, and actions.
Major limitations of this study suggest that our findings should be viewed with caution. The small sample size and likely selection bias introduced by recruiting caregiving dyads who had previously taken part in dementia research and dementia caregiving research in particular are readily apparent. Another potential limitation is that persons with dementia may have behaved differently if they realized they were being recorded. Likewise, caregivers may have modified their usual activities or manner of interaction, aware that their words were being recorded and their actions could be inferred from their first-person perspective. Permitting the caregiver to wear and interact with the system for part or all of the orientation day before beginning to record data would have afforded the caregiver and the person with dementia time to become acclimatized to having their words and actions captured, potentially altering our findings about the system's usability. Yet another limitation is the process by which we identified and interpreted salient events in the converted video for intervention. Though a stronger method would have entailed separate qualitative screening of the video by at least two members of the team and quantitative assessment of inter-rater reliability, limited resources precluded implementing such procedures with 140 hours of usable video.
Notwithstanding these limitations and in keeping with principles of user-centered design [48] , our small sample had the advantage of intensive exposure to our camera system for initial evaluation of its usability over several hours and days of wear. Comments from caregivers and our screening of the data suggest that, with rare exception, both members of the caregiving dyad became acclimated to our system within the first day of data capture. Our approach yielded invaluable input regarding technical shortcomings that were addressed with software upgrades, replacement of broken or malfunctioning parts, and modifications to procedures for turning the system on and off, all of which resulted in improved system reliability over the course of the study. Our approach also identified desirable features and functionalities (e.g., smaller, lighter, waterproof components; additional status indicators; wireless offloading of data from the SD card) for future iterations of wearable camera systems for dementia caregiving. More importantly, most family caregivers and persons with dementia did not reject our prototype wearable camera system, but rather viewed it as a tool in development, with the potential to gather evidence of their caregiving challenges and provide a basis for discussion of new and more effective ways of handling them.
CONCLUSION
This investigation demonstrated that family caregivers of persons with dementia are willing and able to use a novel, wearable, camera system to gather evidence of distressing dementia-related behaviors and interactions that may affect the health and safety of the caregiving dyad. Despite technical difficulties that interfered at times with its smooth operation, our system was accepted by most caregivers and their carerecipients. The system's usability would be greatly enhanced by being less cumbersome and obtrusive, and automated methods for flagging salient events are needed for the system to be useful in clinical practice. If commercially available devices such as Google Glass or the GoPro could both record longer to obviate the need for the heavy battery and vest and indicate more clearly when data are being recorded, our system would undoubtedly become obsolete. These welcome improvements would enhance the potential for health care providers to gain greater insight into the complex and often recurring challenges of day-to-day life with a person with dementia, while also providing an empirical basis for targeted strategies to prevent or mitigate difficult caregiving situations.
